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Abstract We estimated the risk of subsequent bone
cancer among 9170 patients who had survived two or
more years after the diagnosis of a cancer in childhood.

As compared with the general population, the patients
had a relative risk of 133 (95 percent confidence interval,
98 to 176) and a mean (=SE) 20-year cumulative risk of
2.8+0.7 percent. Detailed data on treatment were ob-
tained on 64 patients in whom bone cancer developed
after childhood cancer. As compared with 209 matched
controls who had survived cancer in childhood but who
did not have bone cancer later, patients who had had radi-
ation therapy had a 2.7-fold risk (95 percent confidence
interval, 1.0 to 7.7) and a sharp dose—response gradient
reaching a 40-fold risk after doses to the bone of more
than 6000 rad. The relative dose—response effect among

ONIZING radiation has long been known to in-

duce bone cancers. In 1929 Martland observed
bone sarcomas among workers painting radium on
watch dials,! and the relation of bone cancers to the
use of various bone-seeking radioisotopes is now well
documented.? Therapeutic external beam radiation
was convincingly linked to bone sarcomas in 1948,%*
but even today few quantitative data exist. In recent
surveys, radiation risks have seemed especially high
among patients treated at a young age, notably for
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patients who had been treated for retinoblastoma resem-
bled that among patients with all other types of initial tu-
mors, although the cumulative risk of bone cancer in the
retinoblastoma group was higher. Similar numbers of pa-
tients were treated with orthovoltage and megavoltage;
the patterns of risk among categories of doses did not
differ according to the type of voltage. After adjustment for
radiation therapy, treatment with alkylating agents was
also linked to bone cancer (relative risk, 4.7; 95 percent
confidence interval, 1.0 to 22.3), with the risk increasing as
cumulative drug exposure rose.

We conclude that both radiotherapy and chemotherapy
with alkylating agents for childhood cancer increase the
subsequent risk of bone cancer. (N Engl J Med 1987;
317:588-93.)

retinoblastoma, Ewing’s sarcoma, or Hodgkin’s dis-
ease.*!2 Bone cancers have also occurred after lower
doses of radiation were given in childhood for nonma-
lignant diseases such as tinea capitis.'” Treatment
with cyclophosphamide, usually combined with radi-
ation therapy, may increase the rate of second tumors
in patients with genetic retinoblastoma or Ewing’s
sarcoma.®!! Few studies, however, have estimated the
actual dose of radiation delivered to the site where
bone cancer originated, or have quantified the effect of
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chemotherapy. We therefore undertook a study of
childhood cancer to clarify the effects of radiotherapy
and chemotherapy in inducing bone cancers.

MEeTHODS
Cohort Analysis

A roster was constructed that consisted of 9170 patients who had
survived cancer in childhood for two years or more, from the records
of 13 medical centers participating in the Late Effects Study
Group.'* Any patients with bone cancer diagnosed less than two
years after the initial cancer were excluded because the latter cancer
was unlikely to be treatment-related. Sixteen of 64 patients with
secondary bone cancer were excluded from the cohort analysis be-
cause their first tumor had not been treated at a Study Group
hospital. The period at risk for the development of bone cancer
began two years after the diagnosis of the initial tumor and endecl
with the date of death, the date of last follow-up evaluation, or the
date of diagnosis of bone cancer, whichever occurred first.

Rates of bone cancer specific for sex, age, and calendar year were
obtained from the Connecticut Tumor Registry and applied to the
appropriate number of person-years of observation in order to esti-
mate the number of cases expected, as if the rates for the Connecti-
cut population applied to our study population.'*'S The incidence
rates for Connecticut were used because the registry had been com-
piled over the years covered by the study and because the risk of
childhood cancer varies little among Western countries.!”

Tests of significance and confidence intervals for the relative risk
(the ratio of observed to expected cases) were calculated by using
exact Poisson probabilities. To determine the absolute risk, or ex-
cess cases of bone cancer per 10,000 persons per year, the expected
number of cases was subtracted from the number observed; the
difference was divided by the number of person-years of observa-
tion and then multiplied by 10*. Cumulative probabilities that bone
cancer would develop over time were estimated with the method of
Kaplan and Meier.'8

Case—Control Analysis

For each of the 64 patients with bone cancer, at least two patients
without any subsequent neoplasm (a total of 209) were randomly
selected as controls, matched according to the histologic character-
istics of the first tumor, duration of follow-up (at least as long as the
interval between the diagnosis of the initial tumor and that of bone
cancer), age at the diagnosis of the first tumor (%2 years), sex, and
race. At least one control was matched for the calendar year of
diagnosis (£2 years), and at least one was not. Patients with retino-
blastoma were matched according to whether the tumor was bilater-
al, when possible; 1 of 22 cases and 13 of 69 controls had unilateral
retinoblastoma.

The diagnoses of the cases and controls were determined from
pathology reports. A panel of Study Group pathologists confirmed
the histologic findings on all first and second tumors of the cases.
For all study subjects, detailed medical and treatment histories were
abstracted from medical records. All data on radiotherapy and
chemotherapy were collected up to the point of the development of
bone cancer in each case, or the corresponding interval for each
matched control.

Comparisons between the cases and matched controls were
made by the conditional logistic-regression method and took into
account variable matching ratios.'® The dose of radiation to the site
of the bone cancer and the amount of chemotherapy were catego-
rized according to the overall distribution of cases and controls,
and relative risks were calculated between each category and a
referent (lowest-dose) category. Tests for trend were performed by
designating the midpoint of each dose category as the representa-
tive value or score. Whenever the matching factors were not corre-
lated with the exposure histories of the cases and controls, or
the numbers of subjects were so small that the conditions necessary
for regression analyses were not present, unmatched analyses were
conducted.?
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Radiation Dosimetry

Six types of radiotherapy were used to treat 212 children: ortho-
voltage in 110, cobalt-60 in 70, a megavoltage linear accelerator
in 23, a betatron in 15, electrons in 5, and brachytherapy in 10.
Twenty-one children were treated with more than one method. In-
dividual dosimetry was determined for all cases and controls by one
of us (M.S.), with adjustment for age at exposure and variables
such as height, weight, and body-surface area, as in previous stud-
ies.?! The actual conditions of exposure were simulated on the basis
of machine characteristics, field configurations, and treatment con-
ditions, and doses to skeletal components of an anthropomorphic
phantom were measured. Collimator-head leakage and radiation
scatter from the different types of therapy machines were taken into
account when possible.

For each case, the radiation dose to the site of the bone tumor was
estimated, with adjustment for the difference in bone absorption
associated with different energy beams. The location of the bone
cancer in relation to the radiation fields was also determined to be
inside, near (within 5 cm), or outside (>5 cm) any of the treated
areas. For each control, the radiation dose to the equivalent site of
the bone cancer in the matched case was calculated. When the
information about radiation therapy was less than adequate (for 14
of 212 subjects), best estimates of the conditions and exposure were
made by two of us (M.S. and G.J.D.), taking into account the
hospital, calendar year, tumor site, age, and size of the subject at
the time of irradiation.

Chemotherapy Quantification

The total exposure to alkylating agents was measured as pre-
viously described, accounting for multiple drug exposures and the
amount of drug administered.?? In brief, for each alkylating agent,
the total dose received in relation to body-surface area (milligrams
per square meter) was calculated for each study subject. A distribu-
tion of the doses received by all subjects was determined for each
alkylating agent and then divided into thirds. Each subject was
assigned a score of 0, 1, 2, or 3 for each drug, depending on whether
the subject received no alkylating agent or fell into the lower, mid-
dle, or upper third of each distribution, respectively, The scores of
all the alkylating agents were then added up for each subject in
order to obtain an “alkylator score,” which ranged from 0 to 9.
Similar scores were developed for dactinomycin, vinca alkaloids,
and other antimetabolites, which were the next most commonly
used drugs.

REsuLTs
Cohort Study

Of the 9170 patients surviving for two or more
years, 35 percent were male and 45 percent were
under the age of five years (mean, seven) when the
initial tumor was diagnosed. The mean calendar year
of diagnosis was 1969 (range, 1936 to 1979). The dis-
tribution of the types of initial tumors was usual for
childhood cancer as previously described.'* Overall,
48 cases of bone cancer occurred, as opposed to the 0.4
expected (relative risk, 133; 95 percent confidence in-
terval, 98 to 176). The absolute excess risk was 9.4
cases of bone cancer per 10,000 persons per year. The
risk did not differ according to sex but was highest
among children treated for retinoblastoma (relative
risk, 999; absolute excess risk, 53.6 per 10* per year) or
Ewing’s sarcoma (relative risk, 649; absolute excess
risk, 59.6 per 10* per year), followed by those with
rhabdomyosarcoma (relative risk, 297; absolute excess
risk, 20.5 per 10* per year). The relative risks were 127
for Wilms’ tumor and 106 for Hodgkin’s disease (abso-
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Table 1. Observed and Expected Cases of Secondary Bone Can-
cer, with Relative and Absolute Excess Risks, among Children
Living Two or More Years after the Diagnosis of a First Cancer.

YEARS SINCE PATIENTS CASES CasEs RELATIVE ABSOLUTE
FirsT CANCER  IN COHORT OBSERVED  EXPECTED Risk* ExcEss Riskt
2-4 9170 1 0.09 11 0.6
5-9 5524 23 0.15 152 10.7
10-14 2288 12 0.08 153 13.1
15-19 979 8 0.03 235 21.6
=20 296 4 0.01 597 36.1

*All risks are statistically significant (P<0.05), but the confidence limits are wide because of
the small numbers involved.

tCalculated as ([cases observed — cases expected]/number of person-years) X 10" —ie.,
the number of excess cases per 10,000 persons per year.

lute excess risks, 7.3 and 9.4 per 10* per year, respec-
tively). The relative risks increased significantly with
the time since treatment (Table 1). The cumulative
mean probability (+SE) that bone cancer would de-
velop was 2.8+0.7 percent at 20 years after initial di-
agnosis for the entire cohort, 14.1=4.3 percent after
retinoblastoma (Fig. 1), and 22.1+10.8 percent after
Ewing’s sarcoma.

Case—Control Study

Of the 64 bone sarcomas, 44 were osteosarcomas,
11 were chondrosarcomas, 3 were Ewing’s sarcomas, 2
were fibrosarcomas, 2 were sarcomas not otherwise
specified, 1 was malignant fibrous histiocytoma, and
1 was malignant mesenchymoma. Of the initial tu-
mors, 22 were retinoblastomas (followed by 17 osteo-
sarcomas and 5 other sarcomas); 8 were Ewing’s sar-
comas (all followed by osteosarcomas); 7 were Wilms’
tumors (followed by 3 osteosarcomas and 4 other sar-
comas); 6 were neuroblastomas (followed by 3 osteo-
sarcomas and 3 chondrosarcomas); 6 were rhabdo-
myosarcomas (followed by 3 osteosarcomas and 3
other sarcomas); 5 were Hodgkin’s disease (followed
by 4 osteosarcomas and 1 Ewing’s sarcoma); and 10
were other types of tumors. The 16 “referral” patients
with bone cancer excluded from the cohort study
had retinoblastoma (10 cases), rhabdomyosarcoma
(2 cases), and Ewing’s sarcoma, Wilms’ tumor, soft-
tissue sarcoma, and adrenal cortical carcinoma (1 case
each). Of the second bone cancers, 34 percent oc-
curred in the skull or mandible, 38 percent in the axial
skeleton, and 28 percent in the long bones, in contrast
to the usual distribution in this age group — 4 percent
in the skull and mandible, 21 percent in the axial skel-
eton, and 72 percent in the long bones (Curtis R: per-
sonal communication).

Eighty-four percent of the cases and 73 percent of
the controls received radiation therapy (relative risk,
2.7; 95 percent confidence interval, 1.2 to 7.7). The
radiation dose to the site of the bone cancer ranged
from 0 to 15,900 rad (total mean, 2690 rad; orthovolt-
age, 2900 rad; megavoltage, 2400 rad). Eighty-three
percent of the bone cancers occurred inside the treat-
ment field (relative risk, 41.6), 9.1 percent within 5 cm
(relative risk, 7.4), and 7.3 percent more than 5 cm
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(relative risk, 0.3). The risk of bone cancer rose sharp-
ly with increasing radiation dose, reaching 40-fold
when doses were more than 6000 rad (Table 2). The
risk appeared to decrease, however, when doses ex-
ceeded 8000 rad (relative risk, 22.5). The pattern of
risk in relation to radiation dose was essentially the
same whether patients were treated with orthovoltage
or megavoltage. The relative dose responses were also
similar in patients treated for retinoblastoma and
those treated for all other tumors (Table 2). An excess
of cases of chondrosarcoma occurred only among pa-
tients who received more than 4000 rad to the osseous
site before the age of six. The relative risk of chondro-
sarcoma (4.5) appeared to be lower than the risk of
osteosarcoma (19.0) in the dose category of 4000 to
5999 rad, but corresponding risks were similar in the
category of doses above 6000 rad (16.1 vs. 10.6). In
further evaluating the latency trend shown in Table 1,
we were unable to isolate an effect independent of age
at the highest risk of bone-cancer development.

The relative risk of bone sarcoma after chemother-
apy with alkylating agents was 4.7 (95 percent con-
fidence interval, 1.0 to 22.3) after adjustment for
radiotherapy. Among subjects who did not receive ra-
diation therapy to the site where the bone cancer origi-
nated, the relative risk associated with alkylating
agents was 4.2 (95 percent confidence interval, 2.6 to
6.6). The risk appeared to rise with increasing drug
exposure whether or not radiation was given (Table
3). None of the cases in the high-dose category for
alkylating agents had retinoblastoma.

Overall, 40 percent of the study subjects received
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Figure 1. Cumulative Risk of Bone Cancer after Treatment for
Childhood Cancer.

Cumulative risks of bone cancer after all types of childhood can-
cer are indicated by the broken line, and the risks of bone cancer
after retinoblastoma by the solid line. Values are means +SE.
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alkylating agents; 28 percent received one drug, 10
percent two drugs, and 2 percent three or more drugs.
Alkylating agents were used to treat 50 percent of the
cases and 36 percent of the controls. The frequency of
exposure was 29 percent for controls matched for cal-
endar year and 39 percent for those not matched for
calendar year. The interval between initial treatment
with an alkylating agent and the diagnosis of bone
cancer ranged from 3 to 25 years (mean, 10.3; median,
10). The drug most frequently given was cyclophos-
phamide, to 23 percent and 21 percent of the cases
and controls, respectively (Table 4). Triethylenemela-
mine and chlorambucil were given twice as often to
the cases (19 percent and 11 percent) as to controls
(10 percent and 5 percent). The risks were not altered
by excluding the now rarely used triethylenemela-
mine. The small number of cases exposed to specific
agents precluded meaningful analysis of individual
drug risks.

An increased risk of bone cancer did not appear
to be associated with other drugs used for treatment
of the first cancers, including dactinomycin, anthra-
cyclines, vinca alkaloids, and other antimetabolites
(Table 4). Dactinomycin did not decrease the risk (ad-
justed relative risk, 2.9; 95 percent confidence interval,
0.3 to 8.7). Adjustment for the use of dactinomycin
also did not appreciably change the risks associated
with alkylating agents or radiation.

DiscussioN

This multicenter study revealed an increased risk of
bone cancer (133-fold) after childhood cancer, mainly
due to the use of radiation therapy and chemotherapy
with alkylating agents. An excess of cases of bone
sarcoma was found after treatment with alkylating
agents, with or without radiation to the affected site.

Table 2. Matched Relative Risk of Bone Cancer According to
Type of First Cancer and Radiation Dose at the Site of Bone
Cancer, Adjusted for Alkylating-Agent Treatment.

RaDIATION DoSE (rad)

1000- 3000- 4000-
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Table 3. Matched Relative Risk of Bone Sarcoma,
According to Radiation Dose and Alkylator Score.

RADIATION DOSE

ALKYLATOR SCORE

0 lor2 =3

None

Relative risk 1.0* 4.8 8.51

No. cases:controls 6:44 1:4 33
<1000 rad

Relative risk 1.3 0.4 1.3

No. cases:controls 5:43 1:13 3:14
21000 rad

Relative risk 37.4% 14.2% 59.2%

No. cases:controls 21:45 11:26 13:12

591

0 <1000 2999 3999 5999 26000
All types of cancers
No. of cases 10 9 6 11 15 13
No. of controls* 51 70 30 18 23 12
Relative riskt 1.0 0.6 6.0 16.9 21.2 38.3
1000~
0 <1000 3999 24000
Retinoblastoma
No. of cases 4 4 7 7
No. of controls 25 15 14 11
Relative riskt 1.0% 1.3 12.7 19.4
All other types
No. of cases 6 5 10 21
No. of controls 26 55 34 24
Relative riskt 1.0% 0.2 12.0 28.8

*Five controls for whom the radiation dose to the site could not be estimated have been
excluded from the analysis in this table.

*Risks for radiation dose above 1000 rad are statistically significant (P<0.05).

{Referent category.

*Referent category.
Trend in alkylator score in subjects not exposed to radiation, P = 0.05.
#P<0.05.

The risks increased with greater amounts of chemo-
therapy, and were not confounded by the high rate of
“spontaneous” bone sarcomas associated with genetic
retinoblastoma.® The small group of patients who re-
ceived alkylating agents without radiation therapy to
the osseous site contained only one patient who had
retinoblastoma, and the group given high doses of
alkylators and radiation therapy contained none. The
risks associated with chemotherapy were evaluated in
all follow-up intervals and reached 8.5 in a small
group recetving the highest dose of chemotherapeutic
drugs. It is noteworthy that although chemical agents,
independent of radiation exposure, have not been
linked to bone cancer, two studies of retinoblastoma
and Ewing’s sarcoma have suggested that cyclophos-
phamide may potentiate the effect of radiotherapy in
the development of second osteosarcomas,®!! and
procarbazine has been reported to induce osteosar-
comas in nonhuman primates.?

Our study also provided an opportunity to quantify
the risk of bone sarcoma according to the estimated
dose of radiation therapy to the bone, whereas pre-
vious studies were of a more descriptive nature.?"!2 No
increased risk was associated with doses of less than
1000 rad to the osseous site, but the risk increased to
38.3 with 6000 rad or more. The overall increase in
relative risk per rad was only 0.06 percent. Radiogenic
bone sarcoma thus appears to be a high-dose effect
following external beam exposure. No excess risk has
been found among survivors of the atomic bombing of
Japan,? and the risk reported to follow low-dose radio-
therapy for tinea capitis was based on small num-
bers of cases.'? The decrease in risk after the highest
doses may have been due to chance or possibly to a
cell-killing phenomenon, as postulated to explain the
low risk of leukemia after radiotherapy for cervical
cancer.?*

It has been suggested that the level of risk of second
tumors may be lower in patients treated with mega-
voltage than in those treated with orthovoltage.?®
When the types of radiotherapy were separated into
categories of orthovoltage and megavoltage, including
therapy with cobalt-60, the patterns of risk according
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Table 4. Distiibution of Chemotherapy Agents
Given to the Study Groups.

DruG CasEs CONTROLS

no. of subjects* (percent)

32 (50) 75 (36)
15 (23) 44 (21
12 (19) 21 (10)

711 10 (5)

Any alkylating agent
Cyclophosphamide
Triethylenemelamine
Chlorambucil

Procarbazine 4.(6) 8(4)
Mechlorethamine 3(5 10 (5)
Melphalan 2(3) 2
Nitrosoureas 203) 1(0.5)
Other alkylating agent 4 (6) 73)
Dactinomycin 10 (16) 40 (19)
Vinca alkaloids 14 (22) 43 (21)
Antimetabolites 8 (13) 28 (13)
Anthracyclines 3(5) 5(2)

*Numbers do not add up to the total because of the use of multiple drugs.

to the total dose to the bone site were essentially
the same. Eight of the nine children receiving more
than 8000 rad, however, had been treated with ortho-
voltage. We were unable to evaluate the specific types
of megavoltage exposure because the numbers of sub-
jects were small.

Previous studies of heritable retinoblastoma have
shown a genetic influence on the incidence of second
bone tumors but no relation to radiation dose.® To
evaluate this issue in our study, we matched cases and
controls for bilateral retinoblastoma in an effort to
factor out the genetic component and examine the
treatment effect. The risk of bone cancer clearly in-
creased with increasing radiation dose, yet the relative
risks in each dose category were very similar for reti-
noblastomas and all other cancers. In contrast, the
cumulative risk of bone cancer was higher for retino-
blastoma (14 percent at 20 years) than other cancers.
This figure is lower than the 50 percent cumulative
risk reported by Abramson et al., but their study con-
sidered only bilateral or familial retinoblastoma.®
Thus, although familial retinoblastoma is associated
with a greater inherent risk that bone sarcomas will
develop (with both tumors showing chromosomal al-
terations?® involving 13q14), in our study the relative
responses to radiation exposure were no different for
patients with retinoblastoma than for those with other
tumors. It is interesting that among the six cases of
bone cancer occurring in patients not receiving alky-
lating agents or radiation therapy, three cancers were
retinoblastoma and three were soft-tissue sarcomas,
which may be associated with a genetic predisposition
to bone sarcomas.?”-?% Since only 0.4 case of bone can-
cer was expected in the entire cohort, it seems likely
that heritable factors contribute to constellations of
multiple childhood cancers, including bone sarcomas.

The risk of bone cancer rose significantly with the
time elapsed since initial treatment, up through 20
years. Although this pattern is consistent with the dis-
tribution of risk over time that has been reported for
various radiation-induced solid tumors, it differs from
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the pattern in a study of radiogenic bone cancers, in
which a wave-like response resembled that for leuke-
mia.?®® This earlier investigation, however, was per-
formed mainly in subjects given an injection of a short-
lived radioisotope of radium.?>3® Thus, the temporal
patterns of radiogenic bone cancer may be influenced
by the type of radiation and by age at exposure. Treat-
ment effects may also contribute to the variation in the
bone-cancer risk associated with the histology of the
initial tumor. Thus, the very high risks after Ewing’s
sarcoma and rhabdomyosarcoma seem to be related to
relatively high-dose radiation and alkylating agents,
but genetic susceptibility may also play a partin these
tumors, as in retinoblastoma.

The results of our study should be viewed in the
light of three methodologic concerns. First, although
the radiation dose to the site of the bone tumor was
calculated for 95 percent of the subjects, for 5 percent
the information about treatment or location was inad-
equate and best estimates were made. Excluding these
subjects from the analysis, however, did not apprecia-
bly alter the risks associated with radiation. Second,
the alkylator score was developed primarily as a
means to evaluate the doses of multiple drugs and is
less useful when few drugs are administered or when
drugs differ in their potential for carcinogenesis.®!
Third, the potential for bias raised by including cases
not originally treated at the participating hospitals
was evaluated, but no significant difference in risk esti-
mates was found when the referral cases were ex-

cluded.

We are indebted to the many physicians and other personnel at
the member institutions of the Late Effects Study Group, without
whom this study would have been impossible, and to Ms. Mildred
Jacobus for editorial assistance.
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